Study Design: Systemic hypothermia exerts neuroprotective eects in experimental ischemic CNS models caused by vascular occlusions. Recent experimental and clinical studies have also demonstrated bene®cial eects of hypothermic treatment following brain trauma. Objectives: The present study addresses the question as to whether systemic hypothermia has similar protective qualities following severe spinal cord compression trauma using b-APP-, ubiquitin-, and PGP-9.5-immunohistochemistry combined with the ABC complex method as markers to identify axonal changes. Methods: Fifteen rats were randomized into three equally large groups and sustained to either thoracic laminectomy or to severe spinal cord compression trauma of the Th 8 ± 9 segments. The non-trauma group contained laminectomized animals submitted to a hypothermic procedure in which the core temperature was reduced from 38 to 308C. The two trauma groups were either submitted to the same hypothermic procedure or kept normothermic during the corresponding time. All animals were sacri®ced 24 h following the surgical procedure. Results: In the hypothermic non-trauma group no axonal changes were seen. The number of abnormal axons, as indicated by accumulation of immunoreactive material in enlarged axons, was lower in the peri-injury zones of the hypothermic trauma group than in the normothermic trauma group. This dierence was most obvious in the cranial peri-injury zones. No dierences were seen between the groups in the trauma zones. Conclusions: This study demonstrates reduced axonal swelling in the peri-injury zones of spinal cord injured rats treated with systemic hypothermia. These changes could either indicate neuroprotective eects of the hypothermic treatment, or be results of reduced axonal transport or protein synthesis. To evaluate the clinical importance of our ®ndings, further studies including reliable outcome measures of the animals must be performed.
Introduction
Trauma to the spinal cord can lead to a diversity of neurological de®cits, depending on the site and size of the injury. These de®cits can be permanent or transient due to the degree of axonal injury. The development of specialized, multidisciplinary spinal units has brought forward a general improvement in the care of spinal cord injured patients. 1, 2 In spite of this a deterioration of the patients' neurological symptoms is still often seen during the ®rst days following trauma. 3 It is generally believed that the mechanical trauma initiates secondary injuries 4, 5 caused, for instance, by excitotoxic factors, 6 free radicals, 7 and vascular changes 8 leading to edema, degeneration of nerve cells, axonal lesions, apoptosis of local neurons 9, 10 and activation of glial cells. 11, 12 Experimental research has demonstrated some pharmacological means of reducing the extent of the secondary injuries. 13 Treatment with high doses of methylprednisolone has been brought into clinical practice. 14 Today several studies have reported progress regarding axonal regeneration 15 ± 17 and transplantation. 18, 19 Therefore, it seems important to seek and evaluate new methods of reducing the eects of secondary injuries aicting axons of the spinal cord and thereby optimize prerequisites for an improved functional outcome.
Axonal injury can result in either transient depolarization, focal loss of axonal transport or total disconnection, depending on the strain applied to the single axon. 20 Arrested axonal transport will result in an accumulation of membranous organelles and proteins at the site of injury, which can lead to axonal swelling and aggravation of the axonal damage. 20, 21 Such injured axons are often referred to as`retraction balls' or`swollen axons'. 22 During the last few years several very useful immunohistochemical methods have been introduced to identify protein components in the axonal swellings, like b-amyloid protein precursor (b-APP), 23 ubiquitin 24, 25 and protein gene product 9.5 (PGP 9.5). 26 ± 28 In view of the importance of axonal integrity for the spinal cord function we have now addressed the question as to whether systemic hypothermia exerts protective eects on the longitudinal axons following spinal cord compression trauma in the rat. By using the same model of spinal cord compression trauma in the rat we have previously reported bene®cial eects of systemic hypothermia on glial cell activation 29 and the formation of edema. 30 Moreover it is known from previous studies that hypothermia exerts neuroprotective eects on the spinal cord following ischemia caused by vascular occlusion. 31, 32 However, the eect following neurotrauma has not been fully evaluated to date.
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Materials and methods
Animal preparation
Fifteen male Sprague-Dawley rats with a mean body weight of 387+37 g were used. Food and water were provided ad libitum before the experiments. The rats were kept at a temperature of 208C controlled thermostatically and exposed to alternate light and dark periods of 12 h. The study was approved by the Uppsala Ethical Committee for Animal Research. The animals derived from one previous investigation in which our experimental model of hypothermia has been presented together with the results of simultaneous temperature recordings in the esophagus, the rectum, the epidural space and the spinal cord parenchyma. 36 The animals were anesthetized by a subcutaneous (sc) bolus injection of Hypnorm 1 /Dormicum 1 (1 part Hypnorm 1 +1 part Dormicum 1 +2 parts distilled water: 1.5 ± 2.0 ml/kg). Additional small doses were administered sc at regular intervals throughout the experiment. A catheter (PE 60) was inserted into the right carotid artery for sampling and blood pressure monitoring. A tracheotomy was performed, after which the animals were connected to a small-animal ventilator (Braun, Melsungen AG, Germany), and the blood gases were adjusted to PCO 2 4.5 ± 5.5 kPa and PO 2 9 ± 19 kPa.
After the experiment the animals were carefully dried and put in single cages under the same conditions as described above.
Experimental groups
The immunohistochemically analyzed samples derived from three groups ( Table 1 ). The ®rst group contained animals laminectomized and submitted to the hypothermic procedure described below (hypothermic non-trauma group). The animals in the two trauma groups were exposed to severe spinal cord compression followed by insertion of an intramedullary temperature probe into the spinal cord contusions. These animals were then either submitted to the hypothermic procedure described below (hypothermic trauma group) or were kept normothermic during the corresponding time (normothermic trauma group). All animals were sacri®ced 24 h following the surgical procedure.
Spinal cord compression injury
We used a model providing extradural compression of the spinal cord from the dorsal side. 37 Brie¯y, the laminae of Th 7 and Th 8 vertebrae, which overlie the Th 8 and Th 9 segments of the spinal cord, were removed, leaving the dura intact. The animals were placed in a stereotaxic apparatus with two adjustable forceps applied to the spinous processes of vertebrae proximal and distal to the laminectomy in order to (Figure 1 ). A weight of 50 g was applied on the intact dura, for a period of 5 min, using a curved rectangular plate (2.265 mm). This trauma has been shown to cause a hemorrhagic necrosis in the injury zone (Th 8 ± 9) and less pronounced changes in the cranial (Th 7) and the caudal (Th 10) peri-injury zones.
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Temperature recordings Two Physitemps thermometers (Thermalert TH-5 and TH-8, Physitemps Instruments Inc.; Clifton, NJ, USA) were used. The sensitivity of the reading was 0.18C. The calibration was checked against a mercury thermometer in a water-®lled test tube. A thermocouple with a sealed tip 0.64 mm in diameter (IT-18) was inserted in the esophagus to the heart level 5 ± 6 cm from the teeth. In the trauma groups a thermocouple with an unsealed tip 0.23 mm in diameter (IT-1E) was inserted through a heat isolated glass tube into the spinal cord contusion using a micromanipulator attached to a specially designed stereotaxic frame. The thermocouple was inserted about 3 mm obliquely into the spinal cord contusion in the mid-line of the spinal cord.
Hypothermic procedure
The core temperature recorded in the esophagus was reduced from 38 to 308C by wetting the animals with a 20% ethanol/water solution in room temperature (208C). The core temperature was then kept as close as possible to 308C for 20 min after which the animals were rewarmed using a heating fan connected to a box measuring 45633628 cm, which covered the entire stereotaxic device. The animals were ®nally decannulated after a 20 min steady state with core temperature as close as possible to 388C. The temperature in the spinal cord contusion was recorded from the termination of the compression trauma to the end of the experiment.
Normothermic procedure
The core temperature recorded in the esophagus was kept as close as possible to 388C for 90 min, which corresponds to the experimental time in the other groups. The temperature in the spinal cord contusion was recorded from the termination of the compression trauma to the end of the experiment.
Physiological parameters
Physiological parameters such as blood gases and blood (B) glucose, sodium, potassium and calcium were measured in the hypothermic groups as follows: (a) directly after preparation (ie at 388C prior to the cooling procedure), (b) during hypothermia (steady state 308C) and (c) during normothermia (steady state 388C). In the normothermic group the same parameters were measured (a) before, (b) 45 and (c) 90 min after the trauma. The blood samples were analyzed in a blood gas/electrolyte analyzer (IL 1640; ILS Laboratories, Scandinavia AB, Stockholm, Sweden). The temperature calibration was maintained at 378C.
Morphological methods
The animals were sacri®ced 24 h after the initial surgery using the same anesthetic procedure. The chests were rapidly opened, followed by a perfusion through the heart with 200 ml of phosphate buer solution (PBS, pH 7.4) followed in turn by 200 ml of 4% formaldehyde solution in the same buer at 100 mmHg. The spinal cord samples from Th 7, Th 8 ± 9 and Th 10 segments were kept in ®xative overnight and dehydrated. Transverse blocks were embedded in paran. Sections measuring 5 mm were stained with hematoxylin and eosin and by immunohistochemistry to display the swollen axons with the b-APP, ubiquitin, and PGP 9.5-immunomethods. The immunohistochemistry procedure for b-APP, 21 ubiquitin 38 and PGP 9.5 28 is described in detail elsewhere. Brie¯y, all samples were deparanized, and the b-APP and ubiquitin samples were treated in a microwave oven in citrate buer pH 6.0 for 10 min to unmask antigenic sites. All samples were then exposed to 1% hydrogen peroxide in PBS to block endogenous peroxidase activity. The ubiquitin samples were exposed to 20% normal rabbit serum in PBS buer for 30 min and the PGP 9.5 samples, to pure normal swine serum for 30 min. All samples were then incubated with their respective antibodies overnight.
The following antibodies were used: b-APP, a monoclonal antibody against the NH 2 -terminal part of the b-APP antigen (Boeringer Mannheim Biochemical clone 22C11); for ubiquitin a monoclonal antibody against ubiquitin (mAb 1510 Chemicon, Temecula, CA, USA); and for PGP 9.5, rabbit antiserum against human PGP 9.5 (code no. RA 95101, Chemicon, Temecula, CA, USA). The b-APP and ubiquitin samples were then exposed to rabbit-anti mouse IgG, and the PGP 9.5 samples, to swine anti-rabbit IgG in 20% normal swine serum, for 30 min. Finally, all reaction products were visualized using the avidin ± biotin ± peroxidase complex (ABC) method with 3.3-diaminobezidine tetrahydro-chloride as chromogen (Vectastain Elite Kit, Vector Laboratories, Burlingame, CA, USA). To intensify the reaction product, the nickel enhancement procedure combined with the glucose ± glucose oxidase method was applied.
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Morphological analysis
To analyze the results of the immunostainings, one section from each of the three separate immunohistochemical analyses was taken from three parts of the spinal cord in every animal: the cranial peri-injury zone (T 7), injury zone (Th 8 ± 9) and caudal peri-injury zone (T 10). The analysis was made by ocular inspection in a light microscope by two independent people. The number of swollen axons observed in each section was indicated as follows: no swollen axons (0 ± 1), few swollen axons (2 ± 10), and frequent swollen axons (410).
A computer program IMP (Centre of Image Analysis, Uppsala University, Sweden) was used to measure the area of the whole spinal cord crosssections.
Data evaluation
The physiological parameters and the spinal cord cross-sections were statistically processed using the computer program Statview 4.01 from Abacus Concepts. For comparison of multiple means between groups, factorial analysis of variance was used. Fisher's protected least squares dierence (PLSD) test was performed for post hoc testing. Values in Figures are given as the mean+SD. Dierences with a P-value 50.05 were considered signi®cant.
Results
Physiological parameters
Brie¯y, the electrolytes and blood gases were stable in the normothermic trauma group (Table 2 ). In the hypothermic groups signi®cant changes were recorded in B-potassium during the rewarming procedure and in pH and PO 2 during hypothermia.
The mean systolic blood pressure in all animals was 110+12 mmHg at the end of the surgical procedure and 105+14 mmHg at the end of the experiment. No signi®cant dierences in blood pressure were found between the groups. The blood pressure was not changed by the hypothermic procedure.
There were no signi®cant dierences in the body weight or in the duration of the preparation procedure between the groups.
Recorded temperatures and hypothermic procedure
The mean cooling and rewarming times, together with the mean temperatures for the hypo-and normothermic steady states, are presented in Table 3 . The temperatures in the spinal cord contusions were signi®cantly lower compared to the esophageal temperatures during the normothermic steady state, independent of previous hypothermic procedure or constant normothermia. No such dierence was recorded during the hypothermic steady states.
Macroscopic and general light microscopic ®ndings
The spinal cords in rats from the hypothermic nontrauma group did not show any macroscopic changes. With the exception of a few condensed nerve cell bodies, microscopy of sections from the Th 7 ± 10 segments stained with hematoxylin and eosin did not show any changes from what is considered normal.
The analysis of the injury zone (Th 8 ± 9) of the traumatized animals showed macroscopically and microscopically large hemorrhagic necroses, particularly of the gray matter, with sparing of subpial white matter. Microscopically, in the hematoxylin-eosin stained sections there were losses of nerve cell bodies, axonal swellings and vacuolisation of remaining parts of the white matter. The cranial and caudal peri-injury zones (Th 7 and Th 10) appeared macroscopically normal. Microscopically, no complete necrosis of the tissue was displayed by the hematoxylin and eosin staining, but there were some condensed nerve cell bodies, small bleedings and vacuolization of the white matter.
Immunohistochemistry
We recorded in each animal the presence of expanded swollen' axons labeled with one of the three markers we used, ie b-APP (Figures 2 ± 4) , ubiquitin ( Figures 5  and 6 ) and PGP 9.5. The results are presented in Table  4 . No axonal swellings were seen in the hypothermic Table 2 Physiological parameters in the hypothermic groups (a) directly after preparation (ie at 388C prior to the cooling procedure), (b) during hypothermia (steady state 308C) and (c) during normothermia (steady state 388C). In the normothermic group the same parameters were recorded before (0 min) and 45 and 90 min after the trauma. The temperature was maintained at 378C non-trauma group in any slide. In the normothermic trauma group axonal swellings were seen especially in the injury zone (Th 8 ± 9) and also more or less in the peri-injury zones (Th 7 and 10) of the longitudinal tracts.
In the hypothermic trauma group the number of axonal swellings was the same as in the normothermic trauma group in the injury zone (Th 8 ± 9). However, in the cranial peri-injury-zones (Th 7) of the hypothermic trauma group, the number of axonal swellings was clearly less frequent, and was totally absent in some animals. The axonal swellings were also somewhat less frequent in the caudal peri-injury zones (Th 10), but the dierence from the normothermic trauma group was not so clear-cut. No obvious dierence was seen between the three dierent antibody methods used. Spinal cord cross-section areas The mean spinal cord cross-section areas were signi®cantly larger in the peri-injury zones of the normothermic trauma group compared to the two hypothermic groups. This discrepancy, indicating a dierence in the degree of spinal cord swelling, was not present in the injury zone.
Discussion
This study has shown a reduced number of immunolabeled, expanded axons in the peri-injury zones of animals sustained to hypothermic treatment as compared to normothermic injured animals. This dierence was most obvious in the cranial peri-injury zones.
To identify the immuno-labeled expanded axons we used antibodies against b-APP, ubiquitin and PGP 9.5. b-APP is a membrane spanning glycoprotein, 23 processed by the Golgi apparatus and carried along the axons by fast anterograde transport. 42 Ubiquitin is a low-molecular-weight protein (8 kDa) taking part in the non-lysosomal degrading of proteins within cells.
24,25 PGP 9.5 is associated with the ubiquitin action. 26, 27 The three proteins we used accumulate in injured axons and are therefore very useful modern markers of axonal pathology. 21,26 ± 28 In addition, all the compounds have important biological functions in¯uencing remodeling of axons following trauma.
The ways by which hypothermia reduces the number of immuno-labeled expanded axons in our experiments are unknown. However, axons dier from other structures in the spinal cord in the sense that they are`pipe-lines' passing the injury-and peri-injury zones. They can, therefore, be exposed to a number of pathophysiological mechanisms causing secondary lesions in, and in the vicinity of, the primary mechanical injury. The axons may, for instance be compressed as a result of increased swelling of the cord. Other factors, such as in¯uences on the cytoskeleton, 20 can result in impaired axonal transport of organelles and proteins which accumulate in the expanded axons, indicating axonal pathology. Reduced swelling of the cord and reduced in¯uence of other secondary injury mechanisms may well be the reason why our injured hypothermic animals show fewer immuno-labeled expanded axons than injured normothermic rats.
Additional factors may well contribute to a reduced number of immuno-labeled expanded axons in the injured hypothermic rats. Thus, systemic hypothermia decreases the metabolic rate of the brain 43 and reduces protein synthesis. 44 Furthermore, axonal transport may be slowed down by hypothermia. 45 ± 47 Reduced axonal transport combined with diminished protein synthesis may well contribute to the reduced number of immuno-labeled expanded axons seen in the hypothermic injured rats.
The study presented in this paper thus indicates reduced axonal pathology in hypothermic injured rats compared with normothermic rats with the same degree of trauma. As stated, the animals derived from a previous methodological study where the primary intention was to study temperature differences. The fact that even a 20-min hypothermic period will evoke morphological alterations, demonstrates that several dierent hypothermic procedures must be evaluated to gain full understanding of the mechanisms behind the eects of hypothermic treatment. In our previous immunohistochemical studies using the same trauma model, and temperature management, we have demonstrated reduced edema formation 30 and glial activation 29 in the traumatized hypothermic animals as compared to those randomized to trauma and normothermia. Taken together, all these immunohistochemical results indicate that systemic hypothermia reduces various pathophysiological mechanisms following spinal cord trauma which in normothermic rats with the same degree of trauma may lead to additional secondary injuries of the spinal cord.
In this study the temperature was recorded invasively in the spinal cord, and the cortico-spinal tracts were prone to damage by the probe. Therefore, we did not perform any evaluation of the motor function. To further investigate possible functional bene®ts of systemic hypothermia, studies including adequate functional outcome measures must be performed. Even if future experimental studies using systemic hypothermia as a treatment modality fail to show an improved neurological outcome, preservation of axons in the peri-injury zones may improve the 
